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a  b  s  t  r  a  c  t
Incidental  mortality  from  commercial  ﬁshing  operations  can alter  the  demography  and distribution  of
affected  species.  Population  assessments  for long-lived,  wide-ranging  species  such  as sea  turtles  may
need to include  a spatial  component  and  a consideration  of the affected  life stages.  We  used  a spatial
matrix  population  projection  model  to  examine  the  impact  of  federally  authorized  incidental  ﬁshing
mortality  on a simulated  Northwest  Atlantic  loggerhead  sea  turtle  population.  We  projected  the  popu-
lation  for  100  years,  simulating  ﬁsheries  bycatch  mortality  through  removals  from  the  population  that
were  directed  toward  speciﬁc  spatial  units  or  life stages.  We kept removals  constant  across  years  for  most
simulations.  We  incorporated  demographic  information  in the removals  by  using  reproductive  values  to
estimate  adult-equivalent  turtles,  which  we  compared  with  removing  individual  turtles.  Removals  made
in terms  of  adult  equivalents  had  identical  population  impacts  for all removal  schemes  (80%  popula-
tion  decline  after  40 years).  Removals  made  in  terms  of  individuals  had  the greatest  impact  if  weighted
toward  the  adult  life  stage  (89%  population  decline  after  40 years)  and  the  least  impact  if weighted  toward
the  youngest  life  stage  (78%  population  decline  after  40 years).  Differences  in  impact  between  spatially
directed  removals  were  attributed  to  unequal  stage  distributions  between  regions.  Because  the  popula-
tion impact  of  loggerhead  mortality  depends  on  the affected  life  stage,  the  monitoring  of population-level
impacts  is more  reliable  if authorized  incidental  take  is speciﬁed  and  monitored  by  life  stage  or  by  adult
equivalents.
© 2015  The  Authors.  Published  by  Elsevier  B.V.  This  is  an  open  access  article  under the  CC  BY-NC-ND. Introduction
The harvest of wildlife has had profound impacts on the popula-
ion dynamics of targeted and incidentally affected species (Pauly
t al., 1998; Lewison et al., 2004; Gude et al., 2012; Barbraud et al.,
013; Lindberg et al., 2013). Harvest from commercial ﬁshing oper-
tions can alter both the spatial distribution and the demographic
tructure of the impacted populations (Perry et al., 2010; Goethel
t al., 2011; Ciannelli et al., 2013). The effects of ﬁshing on protected
pecies, such as marine mammals, sea turtles, and seabirds, are doc-
mented worldwide and are associated with population declines
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(some so severe as to risk extinction), as well as with changes in
demography and distribution (Read et al., 2006; Wallace et al., 2008,
2010; Barbraud et al., 2013; Renner et al., 2013).
To assess the population-level impacts of harvest, United States
(U.S.) federal management agencies have a variety of formal tools,
most of which weigh the magnitude of harvest (directed or inciden-
tal) against the estimated population size. The U.S. Fish and Wildlife
Service, for example, evaluates sea duck populations through an
adaptive management process, consisting of an annual cycle of
monitoring the population, modeling the response of abundance
to harvest and environmental factors, and rule-making based on
model outputs (USFWS, 2010). The National Marine Fisheries Ser-
vice (NMFS) sets thresholds for human-caused mortality of marine
mammals using potential biological removal (PBR), a metric based
on a minimum abundance estimate, the population growth rate
at low densities, and a recovery factor (Wade, 1998). NMFS uses
a suite of ﬁnﬁsh stock assessment tools (http://nft.nefsc.noaa.gov)
der the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Nomenclature
 population growth rate
A 105 × 105 projection matrix that combines B and M
using P
B  super B matrix; block matrix with Bj on the diagonal
Bj 35 × 35 region-speciﬁc projection matrix for j = NN,
NS, OC
ITS incidental take statement; used within this paper to
indicate the total anticipated annual loggerhead sea
turtle mortality attributed to ﬁshing operations off
the U.S. Atlantic coast
ITSa vector of the ITS distributed by age class and region
(Appendix A)
M super M matrix; block matrix with Mi on the diago-
nal, each Mi repeated for age classes within stages
Mi 3 × 3 stage-speciﬁc movement matrix for stages
i = 1, 2, 3, 4
n(t) age × region abundance vector in year t, often made
stage-based by summing ages within stages
n*(t) stage × region abundance vector after removals
have been subtracted for year t; becomes the new
n(t) for population projection (Appendix A)
nAE(t) stage × region abundance vector in terms of adult
equivalents in year t
NN neritic north
NS neritic south
OC oceanic
P vec-permutation matrix
p stage × region removal probabilities for standard
removal scenario
palt stage × region removal probabilities for alternative
removal scenarios
pprop stage × region removal probabilities for propor-
tional removals of individuals
pAEprop stage × region removal probabilities for propor-
tional removals of adult equivalents
r stage × region removals in terms of individual tur-
tles
rAE stage × region removals in terms of adult equiva-
lents
Rk adult female remigration probabilities for k = 1, 2, 3,
4, 5+ years
S* reported survival rates by life stage
S survival rates adjusted for ﬁsheries mortality equal
to the total ITS
v model-based, age × region reproductive values;
scaled to equal 1 for breeding adults
w model-based stable age distribution, by region
wr w rescaled so that it sums to 1 within neritic
(NN + NS = 1) and within oceanic regions (OC = 1)
and so that stage 1 is discounted to 15% of the neritic
t
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v
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mand 30% of the oceanic distribution
o estimate stock size and maximum sustainable yield for target
sh species, as well as to simulate ﬁsh populations over time under
arious harvesting scenarios.
For thorough population assessments, spatial differences in
abitat, as well as migration among habitats, may  be important
Kareiva et al., 1990; Botsford et al., 2009; Newby et al., 2013).
hen stocks are harvested in multiple ﬁsheries or span multiple
egional management areas, it may  be prudent to include spatial
nformation in the assessment. Unforeseen or undetected environ-
ental changes can cause shifts in migration routes and differencesodelling 299 (2015) 23–39
in local (region-speciﬁc) survival rates, which can then affect local
and even population-wide abundances. Changes to the abundance
and distribution of target ﬁsh species can lead to drastic competi-
tive harvest among entities that share the resource (McKelvey et al.,
2003; Hannesson, 2013). Some incidentally caught species, such as
sea turtles, occupy different habitats depending on age, so ﬁsheries
of the same gear type operating in different regions can have differ-
ential effects on the population dynamics of the incidentally caught
species (Lewison et al., 2011).
A population assessment may beneﬁt from an approach that
includes demographic information if incidental mortality spans
multiple age classes. Age-speciﬁc mortality can increase variabil-
ity in population size and can affect population growth rates and
the responses related to density dependent processes (Cameron
and Benton, 2004; Diefenbach et al., 2004). For long-lived, slow-
maturing species, like marine mammals, sea turtles, and sharks,
even small increases in mortality in adult and sub-adult age classes
can have disproportionately large population-level effects (Brault
and Caswell, 1993; Musick et al., 2000; Lewison et al., 2004; Heppell
et al., 2005).
The Northwest Atlantic Ocean distinct population segment
(DPS) of loggerhead sea turtle (Caretta caretta) has a combination
of life history traits and incidental take pressure that might neces-
sitate consideration of both demographic and spatial structure in a
population assessment approach. As with other loggerhead DPSs,
the Northwest Atlantic DPS is a broad-ranging, highly migratory
sea turtle population that exhibits substantial spatial structure and
has pressure from multiple ﬁsheries operating in various coastal
or pelagic regions (TEWG, 2009). This distinct population seg-
ment nests in the southern United States (primarily North Carolina
through Texas, with 80% of all NW Atlantic nests in Peninsular
Florida), Mexico, and the Greater Caribbean (NMFS and USFWS,
2008, 2011; Conant et al., 2009; TEWG, 2009), and they forage as far
north as the Gulf of Maine (Shoop and Kenney, 1992). Their migra-
tory path overlaps with at least 13 U.S. federal ﬁsheries, including
the Southeast U.S. shrimp trawl ﬁshery, the Atlantic sea scallop
dredge ﬁshery, and several important multispecies ﬁsheries in the
mid-Atlantic and southern New England (Finkbeiner et al., 2011). In
this paper, we  focus on the federally managed ﬁsheries that affect
loggerhead turtles because NMFS has quantitative information on
incidental take in those ﬁsheries and has jurisdiction.
Because the Northwest Atlantic loggerhead DPS is listed as
threatened under the U.S. Endangered Species Act (ESA) of 1973,
as amended, NMFS and the U.S. Fish and Wildlife Service (USFWS)
must ensure that federal actions are not likely to jeopardize the con-
tinued existence of the species (ESA, 1973). This is done through the
ESA’s Section 7 consultation process. Federal agencies (including
NMFS and USFWS themselves) must undergo formal consultation
with NMFS or USFWS (depending on jurisdiction) if their proposed
actions might adversely affect a listed species. The result of the con-
sultation is a biological opinion, which may  contain an incidental
take statement (ITS) that “speciﬁes the impact of such incidental
taking” on the ESA-listed species (ESA Section 7(b)(4)). The term
“take” means to harass, harm, pursue, hunt, shoot, wound, kill, trap,
capture, or collect, or to attempt to engage in any such conduct (ESA
Section (3)(19)). The ITS represents the maximum number of ani-
mals anticipated to be taken and killed in a certain time period
(NMFS, 2012, 2013). The ITS differs from harvest limits, which are
usually proportional to population size, in that the ITS is set as the
expected impact of the proposed federal action, and it generally
remains in effect at a static level until there is cause to reinitiate
consultation. In some cases, the ITS can ﬂuctuate based on proposed
actions within the biological opinion, but an ITS does not ﬂuctuate
based on population trends.
We  use a modeling approach to investigate the sensitivity
of a simulated loggerhead turtle population to various aspects
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f the authorized incidental take. Our simulation incorporates
emographic aspects by including the speciﬁcation of incidental
ortality in terms of adult equivalents (versus simple numbers
f individuals). Adult equivalents represent the contributions that
ndividuals make to current and future reproduction (Fisher, 1930).
e estimated adult equivalents by multiplying numbers of tur-
les by scaled reproductive values (Haas, 2010). The more likely
n animal is to survive and reproduce, the higher its reproductive
alue. Comparing adult equivalents rather than individuals may  be
ore informative because adult equivalents provide a “common
urrency” that makes it possible to compare the impact of mortal-
ty in one age class versus another (Goodman, 1982; Wallace et al.,
008). This is important because the population-level effect of sea
urtle mortality is complicated by the differential effects of mortal-
ty at different life stages (Haas, 2010). We  also investigate the role
f spatial differences in mortality in affecting the simulated under-
ying population dynamics and consider region-speciﬁc changes in
he magnitude of the incidental take on population dynamics. Sev-
ral sea turtle population analyses have incorporated reproductive
alues for sea turtles (NMFS and USFWS, 2008; Wallace et al., 2008,
013; Haas, 2010; Bolten et al., 2010; Curtis and Moore, 2013),
lthough none also included a spatial component.
In this paper, we describe our spatially explicit matrix projec-
ion model for the Northwest Atlantic loggerhead DPS and we  use
imulations to explore how region-speciﬁc removals from the pop-
lation and stage-speciﬁc habitat use affect population growth and
bundance trajectories. The model is based on an existing nonspa-
ial model, which we have expanded to represent three regions
sed by loggerheads. With our spatially explicit model, we compare
emoval of the current authorized incidental take in federal U.S.
tlantic ﬁsheries as individuals versus as adult equivalents and as
tatic versus as proportional to abundance. Static removals mimic
n extreme case of incidental take remaining unchanged even when
opulation levels change through time. Proportional removals vary
hrough time in a constant ratio to population level. Our simula-
ions investigate these aspects of the incidental mortality favoring
ertain life stages or regions. We  use deterministic baseline param-
ter values for most simulations, and we also consider alternative
alues for survival rates and between-region movement rates.
. Model description
We  modeled female loggerheads using a hybrid age/stage-
lassiﬁed, three-region matrix model with a one-year projection
nterval and a prebreeding census. We  expanded an existing logger-
ead population model (SEFSC, 2001, 2009; Heppell et al., 2003) to
nclude three regions. The number of individuals in the population
t year t was projected to the next year by
(t + 1) = An(t), (1)
here n(t) is the abundance vector and A is the projection matrix.
he A matrix was derived from three region-speciﬁc survival and
eproduction matrices and from four stage-speciﬁc movement
atrices. Each movement matrix described all combinations of
ovement among the three regions.
.1. Spatial regions
The model’s three regions represented foraging habitats: ner-
tic north (NN; on the continental shelf and >34◦ N), neritic south
NS), and oceanic (OC; off the continental shelf) (Fig. 1). The NN
egion generally coincides with NMFS’s Greater Atlantic manage-
ent region and with the large marine ecosystem Northeast U.S.
ontinental Shelf; the NS region roughly coincides with NMFS’sdelling 299 (2015) 23–39 25
Southeast management region and with the Southeast U.S. Conti-
nental Shelf plus the Gulf of Mexico (Sherman and Hempel, 2009).
2.2. Life stages and ages classes
Our modeled loggerhead population (Fig. 2) had four life stages:
(1) hatchlings and oceanic juveniles, (2) small juveniles, (3) large
juveniles, and (4) adults (Table 1). We  followed SEFSC (2009)
by grouping hatchlings and oceanic juveniles into one stage. The
model’s parameter values were stage based, but to allow for long
time lags during population projection, the projection matrix and
abundance vector were age classiﬁed. We  formed age classes within
stages, and we assigned identical parameter values to all ages
within a stage. For stages 1–3, we  set the number of age classes
within stage to the average stage duration (SEFSC, 2009; Table 1),
resulting in a total of 30 years prior to adulthood. For stage 4,
we accounted for nonbreeding years between nesting seasons (i.e.,
the remigration interval) by creating ﬁve adult classes: the breed-
ing class and four zero-fecundity classes for females remigrating
in 2, 3, 4, or 5 years (Heppell et al., 2003). The ﬁve adult classes
represent remigration classes, not age classes, but for consistency
with the 30 earlier age classes, we refer to the model as having
35 age classes within four stages. For most model outputs, we
report results by stage by summing across age classes within each
stage.
2.3. Baseline parameter estimation
For baseline parameters, we  used values from the existing model
(SEFSC, 2009) unless otherwise referenced.
We estimated survival rates (S in Table 1) in the absence
of federal ﬁsheries by adjusting reported survival rates (S*) for
ﬁsheries-related mortality. The adjustment was Sij = S∗ij/(1 − hij)
(Hunter et al., 2007), where hij is the ﬁsheries bycatch mortal-
ity rate, i = stages 1–4, and j = NN, NS, OC. We estimated the hij
by dividing bycatch mortality (as determined from incidental take
statements and the model-based stage distribution; see standard
removals in Section 3.3) by initial abundance (as determined from
published preliminary abundance estimates and the model-based
stage distribution; see Section 2.6). We  used an iterative approach
to estimate the adjusted survival rates (Sij). First, we  used the
reported survival rates (S∗
ij
) in the model and estimated the hij. We
then estimated the Sij, used them in the model, and re-estimated
the hij. We  repeated this process until there was no change in the
Sij from one iteration to the next.
We  estimated remigration probabilities based on the observed
probabilities for the Peninsular Florida nesting assemblage
(Bjorndal et al., 1983). The remigration probability (Rk) is the proba-
bility of adult females remigrating in k years. Because the observed
probabilities incorporate mortality rates, and mortality is already
accounted for explicitly in the model, we  adjusted the observed
probabilities to factor out mortality (Frazer, 1984). We  used a mor-
tality rate of 15%, corresponding to the adjusted adult survival rate
of approximately 85% (Table 1). The resulting probabilities (Rk) for
remigrating in 1, 2, 3, 4, or more than 4 years are in Table 2. The
average remigration interval (
∑5
1Rkk) was  2.8 years.
We estimated fecundity from reported maturity and reproduc-
tive information (Table 3), and we used the same value for all three
regions. Fecundity (F) was the number of female eggs per nesting
female that hatch and survive to the ﬁrst prebreeding census, which
equaled approximately 108:F = nests per female × eggs per nest × egg survival
× proportion female × stage1 survival (2)
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Fig. 1. Three foraging areas for Northwest Atlantic loggerhead sea turtles (Caretta caretta) along the U.S. Atlantic coast: neritic north, neritic south, and oceanic.
Fig. 2. Life cycle graph for female loggerhead sea turtles (Caretta caretta). Labels s1–s4 represent life stages: (1) hatchlings and oceanic juveniles, (2) small juveniles, (3) large
juveniles, and (4) adults. At each annual time step, stages 1–3 progress through age classes within stage before moving to the next stage. Stage 4 breeds every 1–5 years by
moving through its breeding class (s4Br) and four remigration classes (s42y–s45y, where subscripts indicate the remigration interval). Movement among regions is possible
at  any time step. Neritic regions (NN = neritic north, NS = neritic south) are shown as one for simplicity, but the same paths exist between NN-NS, NN-OC, and NS-OC, where
OC  = oceanic.
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Table  1
Four life stages for loggerhead sea turtle (Caretta caretta) matrix model. Stage durations and survival rates (S*)  from SEFSC (2009) include upper and lower bounds. For stages
1–3,  the number of age classes within a stage is equal to the stage duration.
Stage Stage description Approximate CCL (cm) Duration (years) Survival rate (S*) Mean survival rate corrected
for ﬁsheries mortality (S)
Neritic Oceanic
1 Hatchling and oceanic juvenile Hatchling – 60.45 13 (10, 18) 0.744 (0.588, 0.878) 0.745 0.744
2  Small juvenile 60.46–75.72 10 
3  Large juvenile 75.73–101.5 7 (4
4  Adult >101.5 Ind
Table 2
Proportion of female loggerheads from Peninsular Florida nesting subpopulation
remigrating to nest in 1–5 or more years, as observed (Bjorndal et al., 1983) and as
corrected for annual mortality of 15%.
Remigration interval (yr) Observed Mortality-corrected
1 0.019 0.014
2  0.466 0.412
3  0.348 0.362
4  0.130 0.159
5+ 0.037 0.053
Table 3
Mean parameters contributing to fecundity, with lower and upper bounds (SEFSC,
2009).
Mean Lower Upper
Nests per nesting female per year 5 2 8
Eggs per nest 109 89 125
Egg  survival (proportion of eggs hatched) 0.53 0.11 0.82
Proportion of female offspring 0.5 0.35 0.8
M
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tion probability for k = 1–5 years, F is fecundity (which is nonzero for
T
S
IRemigration interval (years between nesting) 2.8 2.7 3.7
For the stage-speciﬁc 3 × 3 movement matrices (denoted M1,
2, M3, M4), each element represented the fraction of the popula-
ion that moved from one region (column) to another region (row).
s a starting point, we estimated movement parameters (Table 4A)
rom abundance patterns. We  set movement parameters so that
he oceanic region contained 98% of stage 1 turtles, 33% of stages 2
nd 3 turtles, and 5% of adults (Conant et al., 2009). For stage 1 ner-
tic turtles, we set movement so that 97% were in the NS because
hose waters are adjacent to the vast majority of nesting beaches
Murphy and Hopkins, 1984) and post-hatchlings will linger there
or weeks or months (Witherington, 2002). For stages 2–4 neritic
urtles, we based the NN and NS proportions on aerial abundance
urveys off the Atlantic coast (not including the Gulf of Mexico)
NEFSC and SEFSC, 2011) and on ﬁsheries observer data (Northeast
isheries Observer Program unpublished data). We  set movement
arameters so that ∼10% of stage 2–4 neritic turtles would be in
he north, ∼3% of turtles in the neritic north would be adults, and
able 4
tage-speciﬁc probabilities of moving from the origin region (columns) to the destination
n  addition to the baseline movement scenario (A), we  created two  alternative movemen
Stage 1 2 
Region NN NS OC NN NS 
A
NN 0.001 0.001 0.001 0.07 0.07 
NS  0.019 0.019 0.019 0.60 0.60 
OC  0.980 0.980 0.980 0.33 0.33 
B
NN  0.001 0.001 0.001 0.32 0.32 
NS  0.019 0.019 0.019 0.48 0.48 
OC  0.980 0.980 0.980 0.20 0.20 
C
NN  0.001 0.001 0.001 0.95 0.01 
NS  0.019 0.019 0.019 0.01 0.95 
OC  0.980 0.980 0.980 0.04 0.04 (9, 12) 0.830 (0.740, 0.890) 0.836 0.830
, 12) 0.835 (0.740, 0.925) 0.841 0.836
eﬁnite 0.841 (0.770, 0.925) 0.846 0.841
∼10% of turtles in the neritic south would be adults (see Appendix
A for details).
2.4. Projection matrix and its spatial components
Each of the 35 × 35 regional survival and reproduction matrices
(denoted BNN, BNS, and BOC) was  of the form:⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
0 0 0 0 0 0 0 0 0 F 0 0 0 0
S1 0
...
...
...
...
...
...
...  0
...
...
...
...
0
. . . 0 0 0 0 0 0 0
... 0 0 0 0
... 0 S1 0 0 0 0 0 0 0 0 0 0 0
0
... 0 S2 0 0 0 0 0 0 0 0 0 0
0 0
... 0
. . . 0 0 0 0 0 0 0 0 0
0 0 0
...  0 S2 0 0 0 0 0 0 0 0
0 0 0 0
... 0 S3 0 0 0 0 0 0 0
0 0 0 0 0
... 0
. . . 0 0 0 0 0 0
0 0 0 0 0 0
...  0 S3 S4 ∗ R1 0 0 0 S4
0 0 0 0 0 0 0
... 0 S4 ∗ R5 0 0 0 0
0 0 0 0 0 0 0 0 0 S4 ∗ R4 S4 0 0 0
0 0 0 0 0 0 0 0 0 S4 ∗ R3 0 S4 0 0
0 0 0 0 0 0 0 0 0 S4 ∗ R2 0 0 S4 0
⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(3)
where Si is the annual stage-speciﬁc survival rate, Rk is the remigra-only breeding adults), and dots indicate continuation of the same
element. S1 is repeated 13 times for the 13 age classes in stage 1,
S2 is repeated 10 times, and S3 is repeated seven times. Five rows
 region (rows). For each stage i, the probabilities form a 3 × 3 movement matrix, Mi .
t scenarios (B, C). NN = neritic north, NS = neritic south, OC = oceanic.
3 4
OC NN NS OC NN NS OC
0.07 0.07 0.07 0.07 0.10 0.02 0.12
0.60 0.60 0.60 0.60 0.86 0.93 0.83
0.33 0.33 0.33 0.33 0.05 0.05 0.05
0.32 0.32 0.32 0.32 0.35 0.29 0.37
0.48 0.48 0.48 0.48 0.60 0.66 0.58
0.20 0.20 0.20 0.20 0.05 0.05 0.05
0.20 0.95 0.01 0.01 0.95 0.01 0.35
0.30 0.01 0.95 0.04 0.01 0.95 0.60
0.50 0.04 0.04 0.95 0.04 0.04 0.05
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nd columns are related to adult survival (S4). For breeding adults,
4 multiplied by Rk yields the proportion of the breeding class that
urvives to the next year as k-year remigrants. We  combined the
hree B matrices into a single super B (105 × 105) matrix:
 =
⎛
⎜⎝
BNN 0 0
0 BNS 0
0 0 BOC
⎞
⎟⎠ (4)
The four M matrices expanded to the 105 × 105 super M matrix
y placing them on a diagonal and repeating M1 13 times (one for
ach age within stage 1), M2 10 times, M3 7 times, and M4 5 times:
M1 0 0 0 0 0 0 0 0 0 0 0
0
. . . 0
...
...
...
...
...
...
...
...
...
... 0 M1 0 0 0 0 0 0 0 0 0
0
... 0 M2 0 0 0 0 0 0 0 0
0 0
... 0
. . . 0  0 0 0 0 0 0
0 0 0
... 0 M2 0 0 0 0 0 0
0 0 0 0
... 0 M3 0 0 0 0 0
0 0 0 0 0
... 0
. . . 0 0 0 0
0 0 0 0 0 0
... 0 M3 0 0 0
0 0 0 0 0 0 0
... 0 M4 0 0
0 0 0 0 0 0 0 0
... 0
. . . 0
0 0 0 0 0 0 0 0 0 0 0 M4
⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(5)
We built the ﬁnal 105 × 105 projection matrix A using the super
atrices B and M,  and the vec-permutation matrix P (Hunter and
aswell, 2005). We  combined the matrices using a demography
efore movement approach (i.e., at each time step, an age class
dvanced to the next age class and then assumed the movement
robability of the new age class):
 = P′MPB. (6)
.5. Reproductive values and stable age distribution
Through eigenvalue analysis of A, we obtained the age-speciﬁc
eproductive values (v) and the stable age distribution (w). We
btained the stage-based version of w by summing ages within
tages. We  scaled reproductive values to equal 1 for the breeding
lass and near 0 for the youngest turtles, so 1 breeding adult = 1
dult equivalent. We  scaled w to sum to 1.
We created a new vector wr to distribute ﬁsheries removals
y stage and region in a way that was based on w but better
eﬂected our knowledge of ﬁsheries bycatch. To be able to specify
eritic versus oceanic removals, we rescaled w so that it summed
o 1 across the two neritic regions (NN + NS = 1) and it summed
o 1 within the oceanic region (OC = 1). Based on observed ﬁsh-
ries interactions, we also adjusted the stage 1 age classes of wr to
qual 15% of the neritic distribution (Northeast Fisheries Observer
rogram unpublished data) and 30% of the oceanic distribution
Watson et al., 2005), preserving the relative proportions among
he other age classes.odelling 299 (2015) 23–39
2.6. Initial conditions
We  estimated the initial population abundance vector n(0) (Eq.
(7)) using preliminary abundance estimates from aerial surveys
conducted off the U.S. Atlantic coast (NEFSC and SEFSC, 2011), as
corrected for perception bias and availability bias. Most stage 1 tur-
tles are too small to be seen from aerial surveys, so we  used the
aerial survey estimate to represent stages 2, 3, and 4. Our NS region
roughly coincided with the southern at-sea survey region (North
Carolina through Florida), and we set our total abundance in the NS
equal to the estimated abundance for the southern survey region.
To be conservative, we  used the lower quartile of the abundance
estimate (n = 468,636). We  used the proportion of stages 2, 3, and
4 in the NS from the stable age distribution w to extrapolate this
abundance estimate to total abundance. We  then used w to dis-
tribute total abundance to all age classes and regions. The resulting
population abundance vector was  organized as ages within regions:
n(t) =
⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
n1NN
...
n35NN
n1NS
...
n35NS
n1OC
...
n35OC
⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
(7)
2.7. Population growth rate and projection
We  report the equilibrium population growth rate () and we
simulate the population abundance vector over 100 years. We  per-
formed simulations by sequentially updating the population vector
each year using Eq. (1), and summing over ages and regions to
obtain total abundance. We  estimated  as the geometric mean
of the annual population growth rates (Morris and Doak, 2002):(
tn∏
t=t1
Nt+1
Nt
)1/(tn−t1)
, where t1 and tn are the ﬁrst and last years,
respectively, of the period of interest.
3. Simulations
We  performed simulations (Table 5) to explore how demo-
graphic factors and spatial dynamics inﬂuenced the predicted
population effects of removals from the population. Simula-
tions depended on the removal magnitude, on whether we
considered removals in terms of individual turtles or adult equiv-
alents, on how removals were distributed by stage and region
according to eight removal scenarios, and on nine population
scenarios that we created by altering survival and movement
parameters.
3.1. Removal magnitude
The magnitude of removals (Table A1, column 3) was based
on the total anticipated annual loggerhead mortality from Endan-
gered Species Act Section 7 ITSs in Northwest Atlantic federal
ﬁsheries. When we use the term “ITS” in the context of removals
from the simulated population, we refer to this total antici-
pated take. The ITS value was 8313 individuals from the neritic
regions and 143 individuals from the oceanic region (Appendix B).
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Table  5
Four simulation sets to examine effects of region- or stage-directed dynamics. The baseline population uses the baseline values for survival and movement parameters;
alternative populations have changes to survival or movement for certain stages or regions. NN = neritic north; NS = neritic south; OC = oceanic; ITS = anticipated loggerhead
mortality in U.S. Atlantic federal ﬁsheries per National Marine Fisheries Service incidental take statements, divided by two  to adjust for females only.
Set Purpose Population Removals Number of
simulations
Figure showing
results
Magnitude Scenarios Implementation
1 Vary removal
approach (constant
versus
proportional)
Baseline ITS None
Standard
Proportional
Individuals
Adult
equivalents
5 Fig. 4
2 Vary magnitude of
removals
Baseline ITS
ITS × 0.5
ITS × 5
ITS × 0.5 in NN
ITS × 5 in NN
ITS × 0.5 in NS
ITS × 5 in NS
ITS × 0.5 in OC
ITS × 5 in OC
Standard Adult
equivalents
9 Fig. 5
3 Vary region and life
stage of removals
Baseline ITS Standard
50% to NN and 50% to NS
50% to OC
50% to Stage 1
50% to Stage 2
50% to Stage 3
50% to Stage 4
Individuals
Adult
equivalents
14 Fig. 6
4 Vary survival and
movement while
also varying
removals
Baseline
8 alternative
ITS None
Standard
50% to NN and 50% to NS
50% to OC
50% to Stage 1
50% to Stage 2
% to S
% to S
Individuals 72 Fig. 7
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sing females only, the neritic ITS was 4157 and the oceanic ITS
which was composed entirely of pelagic longline mortalities) was
2.
.2. Adult equivalents
The goal in removing adult equivalents was to treat mortality
rom different life stages on the same scale in terms of population
mpact. For example, let sea turtle mortality equal 100 individuals.
f those 100 turtles are breeding adults with a reproductive value of
, we remove 100 animals from the breeding population (i.e., 100
dult equivalents). If they are 100 stage 2 animals with a reproduc-
ive value of 0.25, we remove the equivalent of 25 adult animals
rom the breeding population (i.e., 25 adult equivalents). We com-
ared the potential population-level impacts of specifying an ITS
n individuals or adult equivalents by implementing removals in
erms of each.
We  estimated the magnitude of the ITS in terms of adult equiv-
lents using the rescaled age distribution wr (Section 2.5) and the
eproductive value vector v (see Appendix A for details). We  esti-
ated 1071 female adult equivalents (ITSAE), with 1053 neritic and
8 oceanic.
.3. Removal scenarios
An ITS does not include distribution by stage and region, so we
ssigned distributions through eight removal scenarios: a standard
cenario, a proportional scenario, and six alternative scenarios that
ere weighted to a particular region or life stage. For each removal
cenario, we created a stage × region removal probability vector,
hich we call p for the standard scenario, pprop for the propor-
ional scenario, and pait for the alternative scenarios. We  used thetage 3
tage 4
removal probability vectors to determine stage × region removal
vectors containing the number of turtles (r) or adult equivalents
(rAE) to be removed each year. All stage × region vectors were four
stages × three regions as in p (Table A1, column 4).
The standard scenario (Table 6) represented the current state
of incidental ﬁsheries mortality authorized under the combined
ITSs for federal ﬁsheries. Removals reﬂected an unchanging ITS and
so were constant across years. The removal probability vector p
was based on the rescaled stable age distribution wr (described
in Section 2.5, and see Table 6), which adjusted the stable age
distribution to reﬂect ﬁsheries selectivity (see Appendix A for
details on calculating p). For individuals, the removal vector r
was pITS and for adult equivalents, the removal vector rAE was
pITSAE.
For the proportional removal scenario (Table 7), removals ﬂuc-
tuated with abundance. Removals for the ﬁrst year were the same
as standard removals, but the removal magnitude changed across
years so that removals were always the same proportion of abun-
dance as in the ﬁrst year. The removal probability vector pprop =
pITS/n(0), where p is from the standard scenario and n(0) is the ini-
tial abundance vector. The vector pAEprop was calculated similarly
in terms of adult equivalents. Annual removal vectors r(t) and rAE(t)
equaled pprop or pAEprop times the annual abundance in individuals
or in adult equivalents, respectively.
For the alternative scenarios (Table 8), the ITS was  constant
across years and was  weighted by region or life stage. The removal
probability vector pait was an adjusted version of p with removals
weighted in the following ways: 50% to the NN and 50% to the NS;
50% to the OC region; or 50% to in stage1, stage 2, stage 3, or stage 4
(see Appendix A for details on calculating pait). For individuals, the
removal vector r was  paitITS and for adult equivalents, the removal
vector rAE was PaitITSAE.
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Table 6
Standard removal scenario. The modeled stable stage distribution w (i.e., proportion of loggerhead population in each stage and region), the rescaled w (wr) that sums to
1  within neritic (neritic north (NN) + neritic south (NS)) and oceanic (OC) regions and adjusts stage 1 to 15% of neritic and 30% of oceanic, the proportion (p) of ITS (i.e.,
anticipated loggerhead mortality in U.S. Atlantic ﬁsheries per federal incidental take statements) removed from each stage and region, and the number of turtles (r) and
adult  equivalents (rAE) removed by stage and region, where r = pITS and rAE = pITSAE . Magnitude of removals in terms of turtles (ITS) and adult equivalents (ITSAE) was 4228
and  1071, respectively.
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tFor all removal scenarios, we subtracted the removal vector
rom the stage × region abundance vector before the population
as projected to the next year. To make the removals in terms of
dult equivalents, we ﬁrst translated abundance to adult equiv-
lents through element-wise multiplication by the reproductive
alue vector v. (See Appendix A for details on subtracting removals
rom abundance.)
As simulations progressed, subtracting removals could result
n negative values in the abundance vector. We used the stan-
ard scenario to evaluate continued removal of the ITS every
ear, even if negative values resulted (see Appendix A for how
emovals were then allocated). This approach allowed the entire
TS to be removed every year until the population was extinct,
ut redirecting removals from the prescribed removal probabil-
ties caused modeling effects (e.g., small inﬂection points and
eviations in the population trajectories, and realized removal
roportions that were different from the removal probabili-
ies), particularly in stage × region combinations with low initial
bundance. To avoid modeling effects, we stopped simula-
ions of the alternative removal scenarios if negative values
ccurred.
able 7
roportional removal scenario. Removals in terms of individual turtles [r(t)] and adult eq
emovals in year 0 equaled standard removals (i.e., equal to the current ITS), and the pro
erms  of individuals or adult equivalents. Annual removals equaled pprop times annual ab
Region Stage n(0) nAE(0) r(0) (r in
Table 6)
rAE(0)
(rAE in
Table 6)
pprop(× 1
NN
1 7914 68 18.70 4.74 23.63 
2  42,922 6460 285.06 72.17 66.41 
3  8279 4522 54.98 13.92 66.41 
4  2140 1924 14.21 3.60 66.41 
NS
1  255,891 2211 604.77 153.12 23.63 
2  347,278 52,269 2306.38 583.93 66.41 
3  66,983 36,588 444.85 112.63 66.41 
4  64,375 56,896 427.54 108.24 66.41 
OC
1  12,926,447 111,431 21.45 5.43 0.02 
2  192,188 28,740 41.33 10.46 2.15 
3  37,069 20,118 7.97 2.02 2.15 
4  3501 3079 0.75 0.19 2.15 3.4. Alternative population scenarios
In addition to the baseline survival rates and movement param-
eters described in Section 2.3 (Tables 1–3, and 4a), we simulated
two alternative scenarios for survival and for movement. Combin-
ing the three survival scenarios with the three movement scenarios
resulted in nine (one baseline and eight alternative) population
scenarios.
The alternative survival scenarios were lower adult survival in
the neritic south and higher oceanic survival for all stages. We
decreased adult survival in the neritic south from 0.846 (Table 1) to
0.41, as reported in Sasso et al. (2011). We  also explored the possi-
bility of higher survival rates away from coastal threats by setting
oceanic survival of all stages to halfway between the mean values
and the reported upper values (Table 1).
The alternative movement scenarios were greater net move-
ment to the neritic north, and greater net movement to the neritic
north but with limited movement between the neritic north and
neritic south. Baseline movement parameters put about 98% of
the population in the neritic south, so we created an option with
greater net movement toward the neritic north by increasing the
uivalents [rAE(t)] in year t were a constant proportion of abundance [n(t) or nAE(t)].
portion (pprop) of abundance removed across years was the ratio of r(0) to n(0), in
undance. Year 1 is shown as example.
04) pAEprop(× 104) n(1) nAE(1) r(1)[pprop
× n(1)]
rAE(1) [pAEprop
× nAE(1)]
692.49 7641 66 18.06 4.57
111.72 41,347 6203 274.60 69.30
30.78 7969 4360 52.92 13.42
18.70 2060 1858 13.68 3.48
692.49 247,044 2135 583.86 147.83
111.72 334,537 50,186 2221.77 560.66
30.78 64,474 35,276 428.19 108.59
19.02 61,863 54,911 410.85 104.47
0.49 12,479,524 107,587 20.71 5.24
3.64 185,137 27,595 39.81 10.05
1.00 35,681 19,397 7.67 1.95
0.62 3364 2971 0.72 0.18
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Table  8
Alternative removal scenarios, with removals divided equally between neritic north (NN) and neritic south (NS) or weighted toward oceanic (OC), stage 1, stage 2, stage 3,
or  stage 4. Removal probabilities (palt) sum to 0.50 within the weighted region or stage. Removals in terms of individual turtles (r) and adult equivalents (rAE) are calculated
as  palt times half the anticipated loggerhead mortality in U.S. Atlantic ﬁsheries per federal incidental take statements, in terms of individual turtles (ITS) or adult equivalents
(ITSAE), respectively. ITS = 4228; ITSAE = 1071.
Region Stage Weighted 50% to NN, 50% to NS Weighted 50% to OC Weighted 50% to stage 1
palt r rAE palt r rAE palt r rAE
NN
1 0.0251 106.02 26.84 0.0023 9.51 2.41 0.0145 61.31 15.52
2  0.3822 1615.76 409.08 0.0343 144.98 36.71 0.0398 168.18 42.58
3  0.0737 311.65 78.90 0.0066 27.96 7.08 0.0077 32.44 8.21
4  0.0191 80.57 20.40 0.0017 7.23 1.83 0.0020 8.39 2.12
NS
1  0.0799 337.91 85.55 0.0727 307.59 77.88 0.4689 1982.38 501.90
2  0.3048 1288.66 326.26 0.2774 1173.03 296.99 0.3218 1360.75 344.52
3  0.0588 248.56 62.93 0.0535 226.25 57.28 0.0621 262.46 66.45
4  0.0565 238.88 60.48 0.0514 217.45 55.05 0.0597 252.24 63.86
OC
1  0.0000 0.00 0.00 0.1500 634.20 160.57 0.0166 70.31 17.80
2  0.0000 0.00 0.00 0.2890 1221.87 309.35 0.0058 24.38 6.17
3  0.0000 0.00 0.00 0.0557 235.67 59.67 0.0011 4.70 1.19
4  0.0000 0.00 0.00 0.0053 22.26 5.64 0.0001 0.44 0.11
Region Stage Weighted 50% to stage 2 Weighted 50% to stage 3 Weighted 50% to stage 4
palt r rAE palt r rAE palt r rAE
NN
1 0.0059 24.79 6.28 0.0025 10.63 2.69 0.0025 10.45 2.64
2  0.0541 228.89 57.95 0.0383 161.98 41.01 0.0377 159.19 40.30
3  0.0172 72.86 18.45 0.0541 228.89 57.95 0.0073 30.70 7.77
4  0.0045 18.84 4.77 0.0019 8.08 2.05 0.0161 67.91 17.19
NS
1  0.1896 801.44 202.91 0.0813 343.66 87.01 0.0799 337.73 85.51
2  0.4380 1851.93 468.87 0.3100 1310.60 331.82 0.3046 1287.99 326.10
3  0.1394 589.52 149.26 0.4380 1851.93 468.87 0.0588 248.43 62.90
4  0.1340 566.57 143.44 0.0575 242.95 61.51 0.4831 2042.49 517.12
OC
1  0.0067 28.43 7.20 0.0029 12.19 3.09 0.0028 11.98 3.03
2  0.0078 33.18 8.40 0.0056 23.48 5.95 0.0055 23.08 5.84
3  0.0025 10.56 2.67 0.0078 33.18 8.40 0.0011 4.45 1.13
4  0.0002 1.00 0.25 0.0001 0.43 0.11 0.0009 3.60 0.91
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vrobabilities in the top row of Table 4B (to neritic north) and reduc-
ng the probabilities in the second and third rows (to the other
egions) for stages 2, 3, and 4. To explore the effect of less movement
etween regions, we created an option with limited movement
etween north and south. For the stages 2, 3, and 4 M matrices,
e set the probabilities of staying in the NN (row 1, column 1) and
taying in the NS (row 2, column 2) to 0.95 (Table 4C). Probabilities
n column 3 (moving out of or staying in OC) were chosen so that
he population was distributed by region approximately the same
s the greater net movement toward neritic north scenario.
.5. Simulation sets
Table 5 shows the four simulation sets. Sets 1–3 used the base-
ine survival and movement parameters. The ﬁrst set explored
tandard removals versus proportional removals. The second set
xamined standard removals under changes in the ITS magnitude,
ither overall or by region. The third set compared standard and
lternative removals, with each implemented as individuals and
dult equivalents. The fourth set compared population growth rates
) for the nine population scenarios under the standard and alter-
ative removal scenarios. We  implemented set 4 only in individuals
ecause we were interested in whether the removal scenarios had
he same effect under different population scenarios, and effects
ould likely be more apparent when making removals in individ-
als. We  report deterministic results for all simulation sets. We
eport annual abundances in terms of individuals and adult equiv-
lents for simulation set 1, and annual abundances in terms of only
dult equivalents for simulation sets 2 and 3, where we obtained
dult equivalent abundance by multiplying the annual abundance
ector n(t) by reproductive values v.4. Results
4.1. Reproductive values
Model-based reproductive values (RVs) generally increased
from near 0 for the youngest turtles to 1 for breeding turtles, with
some impact from changes in survival rates and movement param-
eters. Nonbreeding adults had lower RVs than breeding adults
because they were not contributing to the population during their
non-reproductive years and because they needed to survive until
their next nesting year. For the baseline population, turtles rem-
igrating in 1, 2, 3, 4, and 5 or more years had RVs of 1.00, 0.88,
0.77, 0.67, and 0.59, respectively (Fig. 3a). For the baseline sur-
vival scenario, RVs varied <5% across the three movement scenarios.
Compared to baseline survival, low stage 4 survival in the neritic
south resulted in lower RVs for adults because it was less likely
that they would survive to reproduce again. Stage 4 turtles had RVs
ranging from 0.85 to 0.04 for the ﬁve remigration classes in the
NS, and from 1.00 to 0.09 in the NN and OC (Fig. 3b). Low stage 4
survival in the NS combined with greater net movement to the NN
and limited movement between NN and NS had little effect on RVs
in the NN, but it lowered RVs in the NS and OC for stages 2 and
3 as well as 4 (Fig. 3c). RVs for stage 4 in NS ranged from 0.38 to
0.03 for the ﬁve remigration classes (Fig. 3c). The across-the-board
higher survival rates in the oceanic region resulted in RVs that were
slightly lower than for baseline survival and movement. For exam-
ple, adult turtles remigrating in 1, 2, 3, 4, and 5 or more years had
RVs of 0.97, 0.82, 0.69, 0.59, and 0.49 in the NN and NS, and 1.00,
0.86, 0.72, 0.61, and 0.52 in OC. With higher survival in OC, few
age classes had RVs that varied by more than 5% across the three
movement scenarios.
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Fig. 3. Model-based, region-speciﬁc reproductive values (RVs) for (a) the baseline population, (b) low stage 4 survival in the neritic south (NS) and baseline movement, and
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.2. Simulation set 1: constant versus proportional removals
nder baseline population
The simulated population without any ITS removal effects had
 population growth rate () of 0.97, and the population decreased
y 96% over 100 years (Fig. 4). Removals of constant magni-
ude (i.e., standard removals) resulted in population extinction
n 78 years or less. Removals as a constant proportion of abun-
ance resulted in a population that decreased by 97% over 100
ears.
The population impacts when making removals in terms of indi-
iduals versus adult equivalents were identical for proportional
emovals and they were similar for standard removals (Fig. 4). With
tandard removals, the population reached extinction in 78 years
f removals were in individuals and in 73 years if removals were
n adult equivalents. If total abundance was considered in terms
f adult equivalents (Fig. 4a), there was little difference between
emoving individuals and removing adult equivalents until the
oint in the simulation at which removals exceeded abundance in
ny particular stage × region combination (marked by asterisks). If
otal abundance was considered in terms of individuals (Fig. 4b),
he population decreased slightly faster early in the simulation if
emovals were made in individuals.
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ig. 4. Simulated loggerhead (Caretta caretta) population trajectories under baseline m
quivalents (a) and individuals (b). Population projections were under conditions of no r
enerally according to abundance (standard), or removals that were a constant proportio
tandard removals exceeded abundance in a particular stage × region combination.ited movement between NN and NS. Stage 4 consists of the ﬁve remigration classes
4.3. Simulation set 2: magnitude of standard removals under
baseline population
Compared to standard removals of the ITS, removing half the
ITS resulted in a slightly smaller population decline over 55 years
(87% versus 92% decline) and removing ﬁve times the ITS resulted
in a 66% decline versus a 50% decline over 19 years. For removals
times 5, simulations stopped within 20 years because removals
were greater than abundance in certain stages and regions (Fig. 5).
Adjusting the ITS in only the neritic north or oceanic regions made
little impact; adjusting the ITS in only the neritic south was similar
to adjusting the ITS overall (Fig. 5).
4.4. Simulation set 3: standard and alternative removals under
baseline population
Removals made in terms of adult equivalents had identical pop-
ulation impacts for all removal scenarios (solid gray line with circles
in Fig. 6, 80% population decline after 40 years), and removals made
in terms of individuals had the greatest impact if weighted toward
stage 4 (89% population decline after 40 years, shortly after which
the simulation stopped because removals were greater than stage
4 abundance). With no removals, the population declined by 73%
50 75 100
year
No removals
Remove adult equivalents (standard)
Remove adult equivalents (proportional )
Remove individuals (standard)
Remove individuals (propor tional )
ovement and survival scenarios, shown with total abundance in terms of adult
emovals from the population, removals that were distributed by stage and region
n of abundance (proportional). Asterisks mark the year of the simulation at which
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Fig. 5. Simulated loggerhead (Caretta caretta)  adult-equivalent population trajec-
tories under baseline movement and survival scenarios, and with removals that
were constant through time and were generally distributed according to abun-
dance (i.e., standard removal scenario). Shown are nine trajectories in which the
total adult-equivalent magnitude of federal incidental take statements (ITS) for U.S.
Atlantic ﬁsheries was  subtracted from adult-equivalent abundance each year, either
in  full or scaled by 0.5 or 5. Scaling was across all regions, within the neritic north
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nNN) only, within the neritic south (NS) only, or within the oceanic (OC) region
nly. Simulations stopped if removals exceeded abundance in any stage × region
ombination.
ver the same time period. The impact of standard removals was
he same whether removals were made in individuals or adult
quivalents, and so standard removals have the same population
rajectory as adult-equivalent removals in Fig. 6. For removals made
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50% to NN, 50% to NS
50% to OC
50% to stage 1
50% to stage 2
50% to stage 3
50% to stage 4
ig. 6. Simulated loggerhead (Caretta caretta) adult-equivalent population trajecto-
ies under baseline movement and survival scenarios and with removals constant
hrough time. Removals were distributed generally according to abundance (stan-
ard) or were weighted 50% to a certain region or stage. A single line is shown for
ll  adult-equivalent removal scenarios because all adult-equivalent removal tra-
ectories were identical when showing abundance in terms of adult equivalents.
imulations stopped if removals exceeded abundance in any stage × region combi-
ation. NN = neritic north; NS = neritic south; OC = oceanic.delling 299 (2015) 23–39 33
in individuals, the population declined by 78–82% over 40 years
under standard removals, removals weighted to NN and NS equally,
removals weighted to OC, and removals weighted to stage 1 or
stage 2. Removals weighted to stage 3 or to stage 4 reduced the
population faster (84% and 89% decline over 40 years, respectively).
Differences in population impact among removal scenarios become
greater in later years of simulations (Fig. 6). For example, for the
population to decline about 97% (to about ∼400,000 individuals
and 10,000 adult equivalents), it would likely take <50 years under
removals weighted to stage 4 (simulations did not run that long),
and it took 54–55 years under removals weighted to stage 3, 58–59
years under removals weighed to stage 2, 62–63 years under stan-
dard removals, 67–68 years under removals weighted to OC, and
72–73 years under removals weighted to stage 1. Simulations did
not run that long under removals weighted equally to NN and NS,
but the population declined about 95% in 59–60 years.
The population trajectories in Fig. 6 consider abundance in terms
of adult equivalents. When the y-axis was examined in terms of
individual turtles (not shown), the population impacts of individual
removals looked similar to Fig. 6. For adult-equivalent removals,
the impacts were not identical as they are in Fig. 6, but we saw very
little spread between standard removals and alternative removals.
4.5. Simulation set 4: standard, alternative, and no removals
under nine population scenarios
With no numeric removals made and under baseline movement,
the population growth rate () under baseline survival, low stage 4
survival in the NS, and higher survival in OC was 0.97, 0.94, and 1.00,
respectively. Changing the movement scenario had no effect on 
except that under low stage 4 survival in the NS, greater net move-
ment to NN with limited movement between NN and NS raised 
slightly to 0.95.
Under standard and alternative removals, movement affected 
only under low stage 4 survival in the NS. The impact of constant
removals became greater over time in an already decreasing popu-
lation, so the differences among movement scenarios were greater
in later years of simulations (Fig. 7). Under baseline survival, the
population impact of removals under the different movement sce-
narios was generally the same as in simulation set 3 under baseline
movement. Under greater survival in OC,  was  0.99 or 1.00 for all
combinations of removal and movement scenarios.
5. Discussion
We designed our simulations of a loggerhead sea turtle popu-
lation to evaluate differences among various scenarios of removals
from the population. We did not evaluate the probability that sim-
ulations were likely to mimic  the true population, and we  caution
that baseline demographic parameters and incidental take that is
constant across years should not be assumed to accurately rep-
resent current or future conditions. Our alternative population
scenarios (simulation set 4) and proportional (simulation set 1)
or scaled (simulation set 2) removal scenarios, however, provided
context as to what might happen under different conditions. For
the majority of simulations, we preferentially chose the baseline
demographic parameters because the resulting declining popula-
tion best illustrated the potential for differences between removal
strategies.
We performed simulations with constant ﬁsheries-related mor-
tality over time to mimic how NMFS speciﬁes and monitors an
incidental take statement (ITS). Although this served as a drastic
case, constant numerical removal may  be a plausible scenario for
at least a number of years. The number of animals that are inciden-
tally caught during ﬁshing operations does not necessarily decline
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Fig. 7. Population growth rate () for simulated loggerhead sea turtle (Caretta caretta) populations over years 1–20, 21–30, 31–40, and 41–50 of simulations. Shown are
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populations with low stage 4 survival in the neritic south (NS) combined with three 
emovals that were generally distributed according to abundance (standard), or remo
f  individual turtles. If  is not shown for a certain timeframe, simulations had stop
long with a population decline, as would typically happen with
ecline of the target species of the ﬁshery (Lewison et al., 2004)
ecause abundance of bycatch species does not drive ﬁshing effort
Crowder and Murawski, 1998). However, if a sea turtle population
as decreasing and was subject to incidental mortality, low abun-
ance could make it unlikely for ﬁshers to catch the same number
f animals over time without a strong shift or increase in ﬁshing
ffort.
In the ESA Section 7 consultation process, NMFS currently
peciﬁes incidental take statements in terms of anticipated lethal
nd nonlethal take. Although explicit consideration of reproduc-
ive value is often not included in the incidental take statement,
he effects analysis section of the biological opinion typically
ecognizes differential reproductive value by considering adult
quivalents or the life stage distribution. Monitoring of incidental
ake, however, is generally done in terms of reported or estimated
umbers of turtles affected (or a proxy thereof, e.g., increased or
ecreased ﬁshing effort). When we simulated lethal incidental take
peciﬁed in individual turtles, weighting the removals to differ-
nt life stages resulted in different population-level effects among
emoval scenarios (Fig. 6). In our results, removal scenarios that
ere directed toward older life stages had greater population-level
mpacts, which was because older turtles are more valuable to pop-
lation growth than younger turtles (Crouse et al., 1987; Heppell
t al., 2005). It is important, therefore, for incidental take to be
peciﬁed and then monitored by life stage or by adult equiva-
ents whenever possible if the intent is to monitor population-level
mpacts.
When we speciﬁed both abundance and incidental take in terms
f adult equivalents, numeric removals that targeted different life
tages or regions had the same population impact regardless of
emoval scenario (Fig. 6). Annual mortality in terms of adult equiv-
lents was robust to how removals of adult equivalents were
istributed because using reproductive values accurately repre-
ented the contributions that turtles of any age class made to
opulation productivity. Our results were consistent with thoseent scenarios. The eight panels represent no annual removals from the population,
hat were weighted 50% to a particular region or stage. Removals were made in terms
ecause removals exceeded abundance in one or more stage × region combinations.
of Curtis and Moore (2013), who  found that a PBR-type measure
was a useful tool for making population assessments if it incorpo-
rated reproductive values, but it failed if implemented in terms of
individual turtles. Reproductive values are sensitive to changes in
reproductive parameters (Heppell, 2005), so it can be important
to an adult-equivalent analysis to include uncertainty in remigra-
tion, fecundity, and age at ﬁrst breeding. The model in this paper
was deterministic, but future research should include stochastic-
ity, both environmental (i.e., reproductive and other demographic
parameters) and observational (i.e., sampling error in monitoring).
For removals in terms of individual turtles, directing removals
toward different life stages had more varied population-level
effects than directing removals toward different regions (Fig. 6).
Even with the extreme situation of low stage 4 survival in the neritic
south, the population growth rate was relatively stable regardless
of the region where removals were made (Fig. 7). Small changes in
population impact that resulted from regionally weighted removals
were driven by differences in stage distribution between regions.
For example, the oceanic region had a lower proportion of stage 4
turtles and a higher proportion of stage 1 turtles than the neritic
regions, so the population impact from greater oceanic mortality
was less severe than the impacts from greater neritic mortality.
Within the neritic region, we might see a greater range of
population impacts from northern versus southern mortality if
the model’s movement parameters created greater differences in
stage distribution between the two  regions. Our default parame-
ters generally set the probability of staying in a region equal to the
probability of moving to that region from another region, which is
a simplistic assumption, but it produced reasonable stage distribu-
tions within each region.
We  ran a post hoc simulation to test whether other combi-
nations of movement parameters would result in our targeted
regional stage distributions and also result in greater differences in
stage distribution between the neritic north and the neritic south.
For stages 1 and 4, movement was the same as baseline movement.
For stages 2 and 3, we let the probability of being in the oceanic
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Table  9
Distribution of life stages within neritic north (NN) and neritic south (NS) regions for the baseline population and for a subset of populations from post hoc simulations of
movement matrices. A subset of 69 from >800,000 post hoc simulated populations met  three criteria of the baseline population: ∼2/3 of stages 2 and 3 were neritic, ∼10%
of  the neritic population was in the NN, and 3–4% of the NN population were adults. CV for post hoc simulations is the standard deviation/mean.
Stage Baseline survival and movement Subset of 69 post hoc movement scenarios (all with baseline survival)
NN NS NN NS
Mean CV Mean CV
1 0.13 0.35 0.13 0.01 0.35 <0.01
2  0.70 0.47 0.70 0.02 0.47 <0.01
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4  0.04 0.09 0
egion range from 0.10 to 0.67 and the probability of being in the
eritic south versus neritic north range from 0.05 to 0.95. We  gen-
rated >800,000 combinations of movement between regions. We
uilt A matrices using all combinations in the movement matrix M,
nd then we  obtained the stable age distributions. We  were inter-
sted only in age distributions that gave the same proportions of
he population in certain regions as described in Section 2.3 (i.e.,
tages 2 and 3 were about 2/3 neritic, ∼10% of the neritic population
as in the neritic north, and adults were ∼3% of the neritic north
opulation). Only 69 of the post hoc simulations met  those criteria,
nd the distribution of the population by stage and region was  very
imilar for all 69 possibilities (Table 9). Hence, for all movement
cenarios that met  our three criteria, there was  little variability in
tage distribution between regions, and we would not expect to
ee greater impacts from removals weighted differently to the ner-
tic north or neritic south. If further information reveals that our
hree criteria for the distribution of the population did not match
he actual distribution, other movement scenarios could be con-
idered. This could potentially result in more drastic differences in
ow stages are distributed in the north and the south, leading to
ifferent impacts on the population if removals were distributed
ore heavily to the north or the south.
In the early years (<10 years) of the simulated population pro-
ections, the removal scenario – whether no removals, constant
emovals under any weighting scheme, or proportional removals
 made little difference in the population growth rate, although
emovals had large impacts on the population growth rate in
ater years of the simulations when population sizes were much
maller than initial abundance (Figs. 4–6). The simulated North-
est Atlantic loggerhead DPS was relatively large in relation
o the cumulative authorized incidental take, so the short-term
isk to the population was low. Because the simulated baseline
opulation was declining, the risk increased over time and the
ong-term implications of additional mortality were not appar-
nt within the ﬁrst few years of simulations. We  infer from this
hat when the population is large compared to the incidental
ortality, frequent (e.g., annual) monitoring is not likely to pro-
uce results that are substantially different from the previous
ssessment. Less frequent but more comprehensive assessments,
hich explicitly address uncertainty, may  provide more reliable
nformation.
Our modeling analysis is useful in that it simulates stage-
nd region-speciﬁc removals, but like other preceding sea turtle
ssessments, it is limited by uncertainty in the underlying param-
ter estimates and in the population metrics that work best for sea
urtle assessment. Mean parameter estimates resulted in a declin-
ng baseline population, and loggerhead nest counts, which are the
ost common means of population monitoring, also declined from
998 to 2006 (Witherington et al., 2009). Nests counts in recent
ears, however, have been increasing (Florida Fish and Wildlife
onservation Commission online data, http://myfwc.com/media/
786250/loggerheadnestingdata09-13.pdf, accessed 13 June
014). Trends in nest counts can be misinterpreted (Pfaller et al.,0.08 0.09 0.02
0.01 0.09 <0.01
2013), and both population monitoring methods and demographic
parameters for sea turtles require further research.
To demonstrate how the population metric is important to
population assessments, we compared initial abundance for our
simulated population, which we  based on the lower quartile of
stages 2–4 abundance estimates from at-sea aerial surveys (NEFSC
and SEFSC, 2011), with initial abundance that we estimated from
nest counts and fecundity parameters (i.e., number of breeding
adults). The abundance estimate based on at-sea surveys was
almost twice that based on nest counts (∼14 million versus ∼8 mil-
lion). Our simulations explored changes to abundance independent
of abundance magnitude, but the difference in abundance esti-
mates obtained from at-sea surveys versus beach surveys might
be important in a complete population assessment. At-sea sur-
veys require more resources than beach surveys and analysis of
at-sea sightings data requires further research in order to realisti-
cally incorporate sea turtle surfacing behavior. For future iterations
of sea turtle assessment work, comparing results that combine dif-
ferent data sources and modeling approaches will further ensure
the robustness of results and help to identify the most defensible
assessment methods.
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Appendix A. Details of estimating parameters and removals
A.1. Estimating movement parameters for stages 2–4 neritic
turtles
For stages 2–4 neritic turtles, we  based the neritic north and ner-
itic south proportions on aerial abundance surveys off the Atlantic
coast (not including the Gulf of Mexico) and on ﬁsheries observer
data. Preliminary analysis of summer aerial surveys showed that
about 35% of estimated loggerheads at the surface in neritic waters
were in the north, but when behavioral data were used to calcu-
late water column abundance from surface abundance, only 5% of
the estimated turtles were in the north (NEFSC and SEFSC, 2011).
Because of uncertainty in incorporating the behavioral data and in
the size of the Gulf of Mexico population that was not included in
the survey, we estimated that 10% would be reasonable for the per-
centage of neritic loggerheads in the north. We  estimated that adult
turtles were about 3% of the neritic north population (based on
observed loggerhead ﬁsheries interactions in neritic north waters,
Northeast Fisheries Observer Program unpublished data) and 10%
of the neritic south population (because we expect a larger pro-
portion of adults in proximity to the southern breeding grounds).
Based on these factors, we set movement parameters so that ∼10%
of stages 2–4 neritic turtles would be in the north, ∼3% of turtles in
3 ical M
t
s
A
(
w
i
i
o
i
a
v
T
R6 M.L. Warden et al. / Ecolog
he neritic north would be adults, and ∼10% of turtles in the neritic
outh would be adults.
.2. Calculating magnitude of removals in adult equivalents
To calculate the magnitude of the ITS in adult equivalents
Table A1, column 3), we ﬁrst used the rescaled age distribution
r (Table A1, column 4) to distribute the ITS by age and region
n terms of individual turtles. We  did this by multiplying the ner-
tic portion of wr by the neritic portion of the ITS (ITSner) and the
ceanic portion of wr by the oceanic portion of the ITS (ITSoc), creat-
ng the vector ITSa (Table A1, column 4). We  then translated ITSa to
dult equivalents through multiplication by the reproductive value
ector v.
able A1
emovals in terms of individual loggerhead sea turtles (Caretta caretta) or adult equivalen
Removal
scenario
Unit Magnitude of removal Probability 
stages and t
Standard Individual
turtles
ITS = 4228
ITSner = 4157
ITSoc = 72
ITS = total anticipated
loggerhead sea turtle mortality
in NW Atlantic U.S. federal
ﬁsheries as issued by the
National Marine Fisheries
Service in incidental take
statements, divided by 2 to
adjust for females only
ner = neritic (NN + NS)
The form of
p  =
(
p·NN
p·NS
p·OC
(see Table 6
p = ITSa/
∑
with ages su
regions. ITS
individual t
with the ne
distributed (
ITSaNN
ITSaNS
)
=
(ITSa · OC) =
where wr = 
distribution
discounts st
30% of ocea
within nerit
regions
Adult
equivalents
(AE)
ITSAE =
∑
ITSaAE = 1071,
where ITSaAE = ITSa × v.
ITSaAE is the ITS in terms of
adult equivalents for each
age × region, ITSa is the ITS in
terms of individual turtles for
each age × region (see column
4), and v is a vector of
model-determined, age-based
reproductive values by region
(i.e., 30 age classes and ﬁve
adult remigration classes × 3
regions) scaled so that 1
breeding adult = 1 adult
equivalent
Proportional Individual
turtles
Changes each year so it is
always the same proportion of
abundance, based on the ratio
of ITS to initial abundance
pprop = r(0)n(0) ,
where r(0) =
and n(0) is 
abundance 
Adult
equivalents
(AE)
pAEprop = rAEnA
where rAE(0
removals an
stage × regi
Table 7 for v
Alternative Individual
turtles
ITS = 4228 pait weighte
50% to OC, 5
2, 50% to sta
(see Table 8
Adult
equivalents
(AE)
ITSAE = 1071 odelling 299 (2015) 23–39
A.3. Calculating removal probabilities for standard and
alternative removal scenarios
For the standard scenario, to create the removal probability vec-
tor p, we  scaled ITSa (see Section A.2 and Table A1, column 4) to
sum to 1 and made it stage-based by summing across ages within
stages. For the alternative scenarios, the removal probability vector
pait was  an adjusted version of p that took removals more heavily
from particular regions or life stages. For pait that was weighted to
the NN and the NS equally, we rescaled p so that 50% of the proba-
bility was  in the NN and 50% was in the NS, while keeping the same
proportions as p in terms of stages within region. For removal prob-
abilities that were weighted to OC, to stage 1, to stage 2, to stage 3, or
to stage 4, pait was based on p rescaled so that the weighted region
ts. NN = neritic north, NS = neritic south, OC = oceanic.
of removal (p) by four life
hree regions (NN, NS, OC)
Removals (r) by
four life stages and
three regions (NN,
NS, OC)
If n − r = n* had
negative values
 p is
)
=
⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
p1NN
.
.
.
p4NN
n1NS
.
.
.
p4NS
p1OC
.
.
.
p4OC
⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
).
ITSa ,
mmed to stages within
a = the ITS in terms of
urtles for each age × region,
ritic ITS and oceanic ITS
accordingly:(
wr ·NN
wr ·NS
)
ITSner
 (wr · OC)ITSoc
model-based stable age
 rescaled so that it
age 1 to15% of neritic and
nic density, and it sums to 1
ic and within oceanic
r = pITS
(see Table 6 for
values)
Calculate new r:
T = total magnitude
of negative values
in n*
r(t) = pT
Set n = n*, subtract
r from n, calculate
T, and repeat until
T  = 0 or n = 0
rAE = pITSAE
(see Table 6 for
values)
Calculate new rAE:
TAE = total
magnitude of
negative values in
n∗
AE
rAE(t) = pTAE
Set nAE = n∗AE ,
subtract rAE from
nAE , calculate TAE ,
and repeat until
TAE = 0 or nAE = 0
 r for standard removals
the initial stage × region
(see Table 7 for values)
r(t) = pprop × n(t),
where n(t) is
abundance in year t
(see Table 7 for
examples)
Not applicable
(0)
E (0)
,
) = rAE for standard
d nAE(0) is the initial
on AE abundance (see
alues)
rAE(t) = pAEprop × nAE(t),
where nAE(t) is AE
abundance in
year t (see Table 7
for examples)
d 50% to NN and 50% to NS,
0% to stage 1, 50% to stage
ge 3, or 50% to stage 4
 for values)
r = paitITS
(see Table 8 for
values)
Stop simulation
rAE = paitITSAE
(see Table 8 for
values)
Stop simulation
ical Mo
o
p
s
r
A
r
a
r
b
s
b
u
iM.L. Warden et al. / Ecolog
r stage contained 50% of the probability, while keeping the same
roportions as p in terms of stages within region or regions within
tage. The other 50% of the probability was distributed among the
emaining stages and regions, proportionally the same as p.
.4. Subtracting removals from abundance
For removals of individuals, each year we subtracted the
emoval vector r from the annual abundance vector n(t) – in which
ges were summed to stages – so that n*(t) = n(t) − r. After we  made
emovals, we expanded the stage-based vector n*(t) back to age-
ased in a way  that kept the distribution of age classes within each
tage the same as before removals. The age-based vector n*(t) then
ecame the new n(t) and was combined with the matrix A for pop-
lation projection to year t + 1. For the standard removal scenario,
f n*(t) contained any negative values (i.e., if any element of r was
Biological opinion 
NMFS’ approval of the tileﬁsh ﬁshery management plan
Implementation of the Deep-Sea Red Crab, Chaceon quinquedens, ﬁshery management p
[Consultation No. F/NER/2001/01245]
Endangered Species Act section 7 consultation on the ﬁshery management plan for the
dolphin and wahoo ﬁshery of the Atlantic Ocean
Sea  turtle conservation measures for the pound net ﬁshery in Virginia waters of the
Chesapeake Bay [Consultation No. F/NER/2003/01596]
Reinitiation of consultation on the Atlantic pelagic longline ﬁshery for highly migratory
species
Amendment to the ﬁshery management plans (FMP) of the U.S. Caribbean to address
required provisions of the Magnuson–Stevens Fishery Conservation and Managemen
Act, as amended by the Sustainable Fisheries Act
The  continued authorization of snapper-grouper ﬁshing in the U.S. South Atlantic exclu
economic zone (EEZ) as managed under the snapper-grouper ﬁshery management pl
(SGFMP) of the South Atlantic region, including Amendment 13C to the SGFMP
The  continued authorization of ﬁshing under the ﬁshery management plan (FMP) for
coastal migratory pelagic resources in the Atlantic and Gulf of Mexico (CMPR FMP)
The  continued authorization of ﬁshing under the ﬁshery management plan (FMP) for sp
lobster in the South Atlantic and Gulf of Mexico [F/SER/2005/07518]
The  continued authorization of ﬁshing under the ﬁshery management plan for the ston
crab  ﬁshery of the Gulf of Mexico [F/SER/2005/07541]
Endangered Species Act Section 7 reinitation consultation on the federal Atlantic herrin
ﬁshery management plan (FMP)
**(This was  an internal NMFS memorandum to document that the ﬁshery was  not lik
to  adversely affect any protected species, so no formal consultation or biological opin
was  completed.)
The  continued authorization of reef ﬁsh ﬁshing under the Gulf of Mexico (Gulf) reef ﬁsh
ﬁshery management plan (RFFMP)
Reinitiation of Endangered Species Act (ESA) Section 7 consultation of the continued
implementation of the sea turtle conservations regulations, as proposed to be amend
and  the continued authorization of the Southeast U.S. shrimp ﬁsheries in federal wat
under the Magnuson-Stevens Act
Endangered Species Act Section 7 consultation on the Atlantic sea scallop ﬁshery
management plan [Consultation No. F/NER/2012/01461]
Endangered Species Act Section 7 consultation on the continued implementation of
management measures for the American lobster ﬁshery [Consultation No.
F/NER/2012/01456]
Endangered Species Act Section 7 consultation on the NEFSC research vessel surveys as
well as two cooperative gear research studies to be overseen by the NEFSC protected
species branch (PSB) [PCTS ID: NER-2012-9241]
Continued authorization of the Atlantic shark ﬁsheries via the consolidated HMS  ﬁsher
management plan as amended by Amendments 3 and 4 and the federal authorization
a  Smoothhound ﬁshery [F/SER/2011/06520]
Endangered Species Act Section 7 consultation on the continued implementation of
management measures for the Northeast multispecies, monkﬁsh, spiny dogﬁsh, Atlan
blueﬁsh, Northeast skate complex, mackerel/squid/butterﬁsh, and summer
ﬂounder/scup/black sea bass ﬁsheries [Consultation No. F/NER/2012/01956]delling 299 (2015) 23–39 37
greater than the corresponding element of n(t)), we  set the nega-
tive values to 0 and repeated creation of an r vector using the total
negative value as the magnitude value (see Table A1, column 6). We
then made removals again, and we  repeated this process until the
total negative value was  essentially 0 or the population was extinct.
To make the removals in terms of adult equivalents, we ﬁrst
translated abundance to adult equivalents through element-wise
multiplication by the reproductive value vector v. We  then created
a stage-based adult-equivalent abundance vector nAE(t) by sum-
ming ages within stages. We  made removals the same way as for
individuals, but using nAE(t) and rAE. Before making the population
projection to the next year, we  expanded the stage-based abun-
dance vector back to age-based and translated adult equivalents
back to individuals.
Appendix B. Section 7 biological opinions and authorized
incidental take (ITS)
Annual ITS (lethal) Date issued
3 Mar 2001
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0.67 Aug 2003
2 Apr 2004
143 Jun 2004
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